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Abstract
We present a minimal version for the renormalization of softly broken Super-Yang-
Mills theories using the extended model with a local gauge coupling. It is shown that
the non-renormalization theorems of the case with unbroken supersymmetry are valid
without modifications and that the renormalization of the soft-breaking parameters is
completely governed by the renormalization of the supersymmetric parameters. The
symmetry identities in the present context are peculiar, since the extended model con-
tains two anomalies: the Adler-Bardeen anomaly of the axial current and an anomaly of
supersymmetry in the presence of the local gauge coupling. From the anomalous sym-
metries we derive the exact all-order expressions for the β functions of the gauge cou-
pling and of the soft-breaking parameters. They generalize earlier results to arbitrary
normalization conditions and imply the NSVZ expressions for a specific normalization
condition on the coupling.
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1 Introduction
Renormalization of softly broken supersymmetric gauge theories is an important
issue for a better understanding of supersymmetry and its possible realization in
nature. Proofs of the all-order renormalizability of these theories in the Wess-
Zumino gauge have been proposed in refs. [1] and [2]. However, renormalization of
softly broken supersymmetric theories remains unsatisfactory in both approaches.
There are far-reaching relations and non-renormalization theorems that govern
the renormalization of the supersymmetric and the soft-breaking parameters, but
these relations are not prescribed by the symmetries used in [1, 2] and thus escape
the algebraic renormalization procedure.
The existence of relations between the renormalization of softly broken and super-
symmetric theories has been suggested by [4] and has been further elaborated in
refs. [5, 6, 7] using superfield techniques in superspace. Most of the corresponding
calculations have been performed assuming a supersymmetric and gauge-invariant
regularization scheme. But that these symmetries by themselves do not lead to
the special renormalization properties is seen from the algebraic renormalization
of soft supersymmetry-breakings in the spurion formalism [2], where the symme-
tries are accounted for but restrictions on parameters are not present. Therefore,
in these old approaches it was difficult to identify those aspects of the symmetries
that are the underlying reasons for the special renormalization properties.
The renormalization properties of the soft-breaking parameters are close to the
non-renormalization theorems in models with unbroken supersymmetry [8, 9].
These non-renormalization theorems have been first derived in superspace, but
not as a direct consequence of supersymmetry. Recently it has been shown in a
series of papers [10, 11, 12, 13] that the non-renormalization theorems are in fact
consequences of the special structure of supersymmetric Lagrangians. Every su-
persymmetric part of the Lagrangian is the highest component of a supermultiplet
and thus can be expressed as the supersymmetry variation of a lower-dimensional
field polynomial. This aspect is the origin of the improved renormalization prop-
erties in supersymmetric theories.
The way to make use of the multiplet structure of supersymmetric Lagrangians
is to couple the multiplets to external fields. These external fields are chiral or
vector supermultiplets according to the structure of the respective Lagrangian
multiplets, and they have an immediate interpretation (see also [14]): The ex-
ternal field coupled to the Super-Yang-Mills part corresponds to an extension
of the coupling to an external superfield and the external multiplet coupled to
the matter part is the axial vector multiplet, whose vector component couples to
the axial U(1) current. Hence, the derivation of non-renormalization theorems
is traced back to renormalization of supersymmetric field theories in presence of
local couplings and by taking into account axial symmetry.
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It is obvious that this construction intrinsically includes soft breakings of the
Girardello-Grisaru class [3], since these breakings are just the lowest components
of the Lagrangian multiplets and are automatically present in the extended con-
struction of supersymmetric theories with local coupling. The purpose of the
present paper is to work out the consequences of the extended construction for
softly broken supersymmetry. It will indeed turn out that the divergency struc-
ture is unchanged by passing from the unbroken to the softly broken case, and
we will find explicit results for the specific renormalization properties of softly
broken theories.
Renormalization of supersymmetric Yang-Mills theories in presence of the local
coupling has to be performed with care: We have shown that not only the axial
current is anomalous [15], but that also supersymmetry has an anomaly [13, 16].
Both anomalies can be consistently absorbed into redefined symmetry identities,
the Adler-Bardeen anomaly by an anomalous axial transformation of the space-
time dependent Θ angle of QCD, the supersymmetry anomaly by an anomalous
supersymmetry transformation of the local gauge coupling. The resulting sym-
metry identities govern the renormalization of Super-Yang-Mills theories with
soft breakings to all orders and imply the non-renormalization theorems as well
as the relations between soft-breaking and supersymmetric parameters.
The most important implications of the anomalous symmetries are their effects
on the renormalization group functions. The supersymmetry anomaly induces
the two-loop term in the β function of pure Super-Yang-Mills theories, whereas
the Adler-Bardeen anomaly induces the matter part contributions to the gauge-β
function. Finally, the complete all-order construction implies a closed expression
for the gauge-β function [11, 13], which takes with particular normalization con-
ditions the NSVZ form [17]. Similarly, we prove here that the anomaly coefficients
show up in the β functions of the gaugino mass [18, 19] and in the β function of
the scalar mass [20, 21, 22]. These results also clarify the reason of the well-known
failure of superfield techniques for the derivation of the scalar-mass β function.
The analysis of the present paper is similar to the one we have carried out in
SQED [12], but it differs in details due to the appearance of the supersymmetry
anomaly [13]. Hence, we give all results in a very condensed form and refer for
technical details to [12]. In section 2 we present the classical supersymmetric and
gauge invariant action with local coupling and soft supersymmetry-breaking. As
a direct consequence, the non-renormalization theorems and the relations for the
soft-breaking parameters are formulated on the level of the invariant counterterms
in section 3. In section 4 we renormalize the model by constructing the anomalous
Slavnov-Taylor identity that governs the renormalization of softly broken Super-
Yang-Mills theories in the Wess-Zumino gauge. In section 5 we derive the closed
expressions of soft β functions from the symmetry identities. Generalizations
to more complicated models and discussions of the results can be found in the
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conclusions. In the appendix we summarize the BRS transformations of the fields
in presence of local couplings. Notations and conventions are the ones given in
appendix A of [11].
2 The extended model
The basic observation behind the non-renormalization theorems is that every su-
persymmetric part in a supersymmetric Lagrangian is the highest component of
a supermultiplet. This fact can be made visible in an extended model of Super-
Yang-Mills (SYM) theories [13], where three kinds of external supermultiplets are
introduced that couple to the different parts of the Lagrangian. The most impor-
tant of these is the local gauge coupling g(x) with its supermultiplet G(x, θ, θ):
G(x, θ, θ) = (η(x, θ, θ) + η(x, θ, θ))−
1
2 ≡ g(x) +O(θ, θ) . (1)
Due to the chiral structure of the SYM action the multiplet of the local coupling
is decomposed into a dimensionless chiral and antichiral field multiplet, η and η,
with the following component expansion in chiral and antichiral representation,
respectively:
η(x, θ) = η + θαχα + θ
2f , η(x, θ) = η + θα˙χ
α˙ + θ
2
f . (2)
As shown in refs. [11, 13] the extension to local coupling requires at the same
time to introduce the multiplet of the axial vector field,
φV = θσµθV µ − iθ2θαλ˜α + iθ2θα˙λ˜
α˙
+
1
4
θ2θ
2
D˜ , (3)
whose vector component V µ couples to the anomalous axial U(1) current, and
a chiral and an antichiral multiplet, q and q, which couple to the matter mass
term and govern the soft breaking of axial symmetry:
q = q + θqα + θ2qF and q = q + θα˙q
α˙ + θ
2
qF . (4)
The classical action of SYM with local coupling is decomposed into the super-
symmetric Yang-Mills part, the matter part and the matter mass term and q-field
interaction,
Γsusy = ΓYM + Γmatter + (Γmass + Γq) . (5)
The individual contributions are invariant under non-abelian gauge transforma-
tions, supersymmetry and softly broken U(1) axial symmetry. For simplification
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we restrict the construction to non-abelian gauge theories with a Susy-QCD-like
structure. We assume a simple gauge group with generators τa and consider left-
and right-handed matter fields, each in an irreducible representation generated
by Ta and (−Ta∗), respectively.
The contributions to Γsusy can be efficiently written by using the following su-
perfield expressions for the gauge multiplet φA and for the left- and right-handed
matter fields AL, AR and A¯L, A¯R:
φA = θσµθAµ − iθ2θαλα + iθ2θα˙λα˙ + 1
4
θ2θ
2
D , φA = φAa τa , (6)
AX = ϕX + ψXθ + FXθ
2 , A¯X = ϕX + ψXθ + F¯Xθ
2
, X = L,R, (7)
with the normalization Tr(τaτb) = δab for the generators. Expressed in terms
of superspace integrals, the invariant classical action in the Wess-Zumino gauge
reads
ΓYM = −1
4
∫
dS ηLYM − 1
4
∫
dS¯ ηL¯YM , (8)
Γmatter =
1
16
∫
dV Lmatter , (9)
Γmass + Γq = −1
4
∫
dS (q+m)Lmass − 1
4
∫
dS¯ (q+m)L¯mass . (10)
with
LYM = TrW αWα =W αa Wαa , Wα ≡
1
8
√
2
D¯D¯(e−2g(x)φ
A
Dαe
2g(x)φA) ;(11)
Lmatter = A¯Lk
(
e2gφ
A
a Ta+2φ
V
)k
jA
j
L + ARk
(
e−2gφ
A
a Ta+2φ
V
)k
jA¯
j
R , (12)
Lmass = AkRALk . (13)
Gauge and supersymmetry transformations of the individual fields can be read
off from the corresponding BRS transformations of the appendix (see (22)). In
the limit to constant supercoupling G(x, θ, θ) → g = const. we obtain the usual
classical action of SYM theories with gauged axial symmetry.
The SYM action with local coupling can immediately be extended to a consistent
description of softly broken supersymmetry. The external fields have exactly the
properties of the spurion fields used in [3] to describe soft breaking. Indeed,
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the only change we have to apply to the model of [13] is to shift the highest
components of the external multiplets by constant mass parameters,
f → f + Mλ
g2
, f¯ → f¯ + Mλ
g2
,
qF → qF − b , qF → qF − b,
D˜ → D˜ − 2M2. (14)
Through these shifts all parity conserving soft-breaking terms of the Girardello-
Grisaru class [3] are generated in the classical action, i.e.
Γsusy → Γsusy + Γsoft (15)
with
Γsoft =
∫
d4x
(
−1
2
Mλ(λλ+ λλ)
−M2(ϕLϕL + ϕRϕR)− b(ϕLϕR + ϕLϕR)
)
. (16)
If the shifts (14) are also included in the supersymmetry transformations and
in the axial transformations of the external fields, the softly broken model is
characterized by the same symmetries as the original unbroken model.
The crucial point of the present construction of soft supersymmetry-breaking
are the highly restrictive symmetry properties of the extended model. They
give access not only to the non-renormalization theorems [13] but also to the
renormalization properties of the soft-breaking parameters.
3 Improved renormalization properties
The explicit form of the divergences in any quantum field theory generally de-
pends on the regularization scheme. However, after the possible symmetry-
breaking effects of the regularization are cancelled by suitable counterterms, the
structure of the remaining divergences is scheme-independent. These divergences
are the superficial divergences and correspond order by order to local field mono-
mials that are invariant with respect to the classical symmetries. Hence, they can
be cancelled by invariant counterterms and an investigation of invariant counter-
terms is equivalent to an investigation of the structure of the divergences.
The properties of the extended model put severe constraints on the invariant
counterterms of physical parameters. These terms are characterized by being
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invariant under the same symmetry transformations as Γsusy and can be derived
already at the present stage. The results will exhibit all the special renormaliza-
tion properties of softly broken SYM theories. We will continue the discussion
of invariant counterterms in sec. 4.3. There we will find further invariant coun-
terterms, which correspond to field renormalizations and include a redefinition of
the classical symmetry transformations.
In order to obtain full control over the renormalization, it is necessary to use
two further constraints. On the one hand, (η + η)−1/2 is identified with the
local gauge coupling (1). Since for constant gauge coupling the loop expansion
is a power series in the coupling and an l-loop counterterm is of the order g2l,
this identification fixes the powers of η in the counterterms (see (27) later for
an explicit formula). On the other hand, (η − η) takes the role of a space-time
dependent Θ angle of the model. Thus, the classical action depends on it only via
a total derivative, and this property can be expressed by the following identity:
∫
d4x
( δ
δη
− δ
δη
)
Γsusy = 0 . (17)
The same identity has to hold for the invariant counterterms.
Using furthermore an additional R-invariance of the classical action (for the ex-
plicit form see (28), (29)) the results for the gauge invariant and supersymmetric
field monomials of l-loop order are given by
Γ
(l)
ct,phys = −zˆ(l)YM
1
4
∫
dS
(
η + θ2
Mλ
g2
)−l+1
LYM + c.c.
−zˆ(l)mass
1
4
∫
dS
(
η + θ2
Mλ
g2
)−l
(q+m− θ2b)Lmass + c.c.
+
1
16
∫
dV K(l)
(
η + θ2
Mλ
g2
,η + θ
2Mλ
g2
)(
1− θ2θ2M2)Lmatter, (18)
with the restriction K(l)(η,η)→ zˆ(l)matterg2l.
Applying the identity (17) on Γct,phys we find the following constraints that have
to be satisfied by the invariant counterterms:
zˆ
(l)
YM = 0 for l ≥ 2 , zˆ(l)mass = 0 for l ≥ 1 ,
K(l)(η,η) = zˆ(l)matter(η + η)−l . (19)
Hence, the counterterm to the Yang-Mills part is restricted to one-loop order
and invariant counterterms to the supersymmetric mass term are absent. These
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restrictions on physical counterterms state the non-renormalization theorems of
chiral vertices [8, 9] and the generalized non-renormalization theorem of the cou-
pling constant [23]. In addition, the renormalization constants of softly broken
parameters are related to the renormalization constants of supersymmetric pa-
rameters.
For constant coupling it is possible to express the invariant counterterms as field
and parameter renormalizations. For the z-factors of the supersymmetric param-
eters, the coupling and the fermion mass parameter, one obtains in loop order
l:
z
(1)
g2 = −g2z(1)YM and z(l)g2 = 0 for l ≥ 2 ,
z(l)m = −2g2lz(l)matter . (20)
The z-factors of the soft mass parameters are determined as functions of zg2 and
zm:
z
(1)
Mλ
= z
(1)
g2 and z
(l)
Mλ
= 0 for l ≥ 2,
z
(l)
b =
(
2l
Mλm
b
+ 1
)
z(l)m , z
(l)
M =
1
2
l(l + 1)
M2λ
M2
z(l)m . (21)
The renormalization constants to the soft-breaking scalar masses match the re-
lations derived first by [4] and later on by [5] in superspace. The renormalization
constants to the gaugino mass are related to the ones of the gauge coupling and
are further restricted by the non-renormalization theorem of the gauge coupling
in a similar way as proposed in ref. [18], where holomorphicity was imposed as an
additional constraint on chiral invariant counterterms. In the present approach
the constraint is a consequence of the identity (17).
The results for the counterterms reflect the improved renormalization-behaviour
and the special divergency structure of SYM theories. However, unlike in many
other models, β functions cannot be inferred from the z-factors (21) and (20). As
we will see later, in the course of renormalization the symmetries are broken by
two anomalies: Axial symmetry is broken by the Adler-Bardeen anomaly [15] and
supersymmetry by a supersymmetry anomaly [13]. For this reason an invariant
regularization scheme for the extended model cannot exist, and a discussion of the
β functions based on invariant counterterms cannot be performed. A derivation
of the β functions requires an algebraic construction based on the anomalous
symmetries of the model.
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4 Quantization
4.1 The classical action and its symmetries
For quantizing supersymmetric gauge theories in the Wess-Zumino gauge the
symmetry transformations of the model, gauge transformations, U(1) axial trans-
formations, supersymmetry and translations are summed up in the BRS trans-
formations [24, 25, 26, 11, 13]:
sφ = (δgaugec(x) + δ
axial
c˜(x) + ǫ
αδα + δ¯α˙ǫ
α˙ − iωµ∂µ)φ . (22)
The ghost fields c(x), c˜(x) replace the local transformation parameters of gauge
transformations and axial transformations, and the constant ghosts ǫα, ǫα˙ and
ωµ are the constant supersymmetry and translational ghosts, respectively. BRS
transformations of the ghosts are determined by the structure constants of the
algebra and the algebra of symmetry transformations is expressed in the on-
shell nilpotency of the BRS operator. The BRS transformations of the fields
(with auxiliary fields being eliminated) are collected in appendix A. They differ
from the BRS transformations in the symmetric model by shifts in the scalar
components of external fields according to (14).
By means of BRS transformations it is possible to add a BRS invariant gauge-
fixing and ghost part to the action
Γg.f. = sTr
∫
d4x
(1
2
ξc¯B + c¯F
)
= Tr
∫
d4x
(1
2
ξB2 +BF
)
+ Γghost . (23)
The fields B are the Lagrange multiplier fields, and the function F describes an
appropriate linear gauge fixing function for the longitudinal part of the gauge
fields: F = ∂A + . . . .
Finally, the BRS transformations sφ that are non-linear in the propagating fields
are coupled to external fields Yφ, and the external field part Γext.f. =
∫
Yφsφ is
added to the classical action, so that
Γcl = Γsusy + Γsoft + Γg.f. + Γext.f. . (24)
From this complete classical action the auxiliary fields are eliminated using their
equations of motion. In this procedure, bilinear expressions in external fields are
induced that compensate the equations-of-motion terms in the supersymmetry
algebra.
The BRS invariance of Γcl can be rewritten in the form of the Slavnov-Taylor
identity
S(Γcl) = 0 , (25)
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with the usual bilinear Slavnov-Taylor operator (see eq. (A.7)).
The dependence of Γcl on the field multiplets η and η is constrained by the
identity (17)
∫
d4x
( δ
δη
− δ
δη
)
Γcl = 0 , (26)
and by identifying the real part of the lowest components η, η with the local gauge
coupling (1). Direct inspection of the diagrams shows that this identification leads
to the following topological formula for one-particle irreducible (1PI) diagrams
in loop order l:
Ng(x) = Namp.legs +NY + 2Nf + 2Nχ + 2Nη−η + 2(l − 1) , (27)
Here Namp.legs counts the number of external amputated legs with propagating
fields (Aµ, λ, ϕA, ψA, c, c and the respective complex conjugate fields), NY gives
the number of BRS insertions, counted by the number of differentiations with
respect to the external fields Yφ. Nf , Nχ and Nη−η give the number of insertions
corresponding to the respective external fields. The validity of the topological
formula in higher orders ensures that the limit to constant coupling results in the
1PI Green functions of ordinary SYM theories with soft breaking.
Furthermore, the classical action is restricted by a softly broken R-symmetry,
which is defined in the same way as in SQED [12]. We impose the corresponding
Ward identity not only for Γcl but also for the full vertex functional Γ:
WRΓ = 0 (28)
with
WR = i
∫
d4x
( ∑
A=L,R
(
ϕA
δ
δϕA
− YϕA
δ
δYϕA
)
+ λα
δ
δλα
− Y αλ
δ
δY αλ
+ λ˜α
δ
δλ˜α
− qα δ
δqα
− χα δ
δχα
− 2(qF − b) δ
δqF
− 2
(
f +
Mλ
g2
) δ
δf
− c.c.
)
+ i
(
ǫα
∂
∂ǫα
− ǫα˙ ∂
∂ǫα˙
)
. (29)
It implies invariance under R-parity, where all superpartner-fields are transformed
to their negative.
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4.2 Renormalization and anomalies
In one-loop order, axial symmetry is broken by the Adler-Bardeen anomaly [15,
27]. And when we impose the identity (26) to all orders2, i.e.,
∫
d4x
( δ
δη
− δ
δη
)
Γ = 0 , (30)
then supersymmetry is broken by a supersymmetry anomaly [13]. Therefore the
Slavnov-Taylor identity is anomalous in one-loop order:
S(Γ) = r(1)∆axial + r(1)η ∆susy +O(h¯2) . (31)
The anomalous field monomials are given by the following expressions:
∆axial = Tr
∫
d4x c˜ǫµνρσGµν(gA)Gρσ(gA) +O(ǫ, ǫ) (32)
∆susy = s
∫
d4x ln g(x)(LYM + L¯YM)
= (ǫαδα + ǫ
α˙δα˙)
∫
d4x ln g(x)(LYM + L¯YM)
=
∫
d4x
(
ln g(x)i
(
∂µΛ
ασµαα˙ǫ
α˙ − ǫασµαα˙∂µΛα˙
)
− 1
2
g2(x)(ǫχ + χǫ)(LYM + L¯YM)
)
. (33)
Here LYM and Λ
α are the F - and the spinor-component of the chiral multiplet
LYM (11), respectively:
LYM = −1
2
λaλa + θ
αΛα + θ
2LYM . (34)
The supersymmetry anomaly is different from the Adler-Bardeen anomaly in the
following respect: If gauge invariance is imposed, ∆axial cannot be given as a BRS
variation of a renormalizable field monomial. In contrast, the supersymmetry
anomaly is a BRS variation, but it cannot be absorbed into the counterterm
action, since it depends on the logarithm of the coupling. The perturbative
loop expansion is a power series in the coupling and, thus, the coefficient of the
anomaly is determined by regularization scheme- and gauge-independent one-loop
integrals [16].
2 The supersymmetry anomaly could be shifted to the identity (30) but implies there the
unwanted feature of the renormalization of the Θ angle of QCD (2η ≡ 1
g2
+ iΘ) (see [13]).
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For Super-Yang-Mills theories the anomaly coefficients r(1) and r
(1)
η are deter-
mined by
r(1) = − 1
16π2
T (R) , r(1)η =
1
8π2
C(G) , (35)
where T (R)1 = TaTa is the Dynkin index of the matter representation and
C(G)δab = facdfbcd is the quadratic Casimir of the adjoint representation.
For the construction of higher orders it is crucial that both anomalies can be
absorbed into a redefined Slavnov-Taylor identity, which defines the 1PI Green
functions of the extended model to all orders of perturbation theory:
Srη(Γ) + r(1)δSΓ = 0 . (36)
Here δS is the operator of the Adler-Bardeen anomaly:
δSΓ ≡ −4i
∫
d4x
(
c˜
( δ
δη
− δ
δη
)
+ 2i(ǫσµ)α˙Vµ
δ
δχα˙
− 2i(σµǫ)αVµ δ
δχα
+ 2ǫα˙λ˜
α˙ δ
δf
− 2λ˜αǫα δ
δf
)
Γ = −∆axial +O(h¯) , (37)
and in Srη(Γ) the classical Slavnov-Taylor operator (A.7) is supplemented by a
differential operator that expresses the supersymmetry anomaly
Srη(Γ) ≡ S(Γ) −
∫
d4x
(
δF (g2)(ǫχ+ χǫ)
(
g4
δ
δg2
+Mλ
δ
δf
+Mλ
δ
δf
)
−i δF
1 + δF
∂µg
2
((
σµǫ)α
δ
δχα
+ (ǫσµ)α˙
δ
δχα˙
))
,
= S(Γ) − r(1)η ∆susy +O(h¯2). (38)
The function δF is a power series in g2. Its lowest order is renormalization-scheme
independent and unambiguously determined by the anomaly coefficient (35):
δF (g2) = r(1)η g
2 +O(g4) . (39)
Higher orders are scheme-dependent and depend on the normalization conditions
for the coupling, or, vice versa, once a specific form for δF (g2) is chosen, the
normalization of the coupling is determined. We want to mention already here
that the choice
δF =
r
(1)
η g2
1− r(1)η g2
, (40)
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yields the NSVZ expression for the gauge β function [17], whereas
δF = g2r(1)η (41)
results in a strictly two-loop β function in Super-Yang-Mills without matter
(cf. (63)).
The operator Srη(Γ) can be considered as a modification of the supersymmetry
transformation of the local gauge coupling (F (g2) = 1 + δF (g2)):
srηg2 = −g4(ǫαχα + χα˙ǫα˙)F (g2)− iων∂νg2 ,
srη(η − η) = (ǫαχα − χα˙ǫα˙)− iων∂ν(η − η) ,
srηχα = 2ǫα
(
f +
Mλ
g2
)
+ i(σµǫ)α
(
∂µg
−2 1
F (g2)
+ ∂µ(η − η)
)
− iων∂νχα ,
srηf =Mλ(ǫ
αχα + χα˙ǫ
α˙)F (g2) + i∂µχσ
µǫ− iωµ∂µf . (42)
These modifications are in agreement with the supersymmetry algebra, and the
anomalous Slavnov-Taylor operator (36) and its linearized version have the same
nilpotency properties as the classical one:
(
s
rη
Γ + r
(1)δS) (srηΓ + r(1)δS) = 0 if Srη(Γ) + r(1)δSΓ = 0 ,(
s
rη
Γ + r
(1)δS) (Srη + r(1)δS)(Γ) = 0 for any functional Γ. (43)
The anomalous Slavnov-Taylor identity (36) and the identity (30) are the defin-
ing symmetry identities for higher-order Green functions. Due to their nilpotency
properties (43), algebraic renormalization can be performed to all orders as usu-
ally. In contrast, a construction based on the usage of invariant regularization
schemes will fail in higher orders. In particular, it is apparent that a local renor-
malizable action solving the anomalous Slavnov-Taylor identity cannot exist.
From the renormalized Green functions of the extended model one obtains the
Green functions of softly broken SYM theory by taking the limit of constant
coupling. Denoting the vertex functional of the theory with constant coupling by
ΓsSYM, we have
lim
G→g
Γ
∣∣∣
φV , q, q=0
= ΓsSYM . (44)
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4.3 Invariant counterterms
As opposed to the spurion field formalism used in [2], the present construction
yields all restrictions on the divergency structure of softly broken SYM theories.
Invariant counterterms of the quantized model are invariant with respect to the
classical Slavnov-Taylor operator, the Ward operatorWR and satisfy the identity
(30):
sΓclΓct,inv = 0 , WRΓct,inv = 0 ,
∫
d4x
( δ
δη
− δ
δη
)
Γct,inv = 0 . (45)
Furthermore, owing to the identification of η + η with the gauge coupling the
formula (27) holds. For the physical, gauge-independent counterterms, these re-
strictions are nothing but invariance with respect to the classical symmetries.
They result therefore in the counterterm action (18) with the constraints (19)
and imply the non-renormalization theorems and the relations between the renor-
malization constants of soft-breaking parameters and supersymmetry parameters
stated already after eq. (19).
However, owing to the non-linearity of the Slavnov-Taylor operator the con-
straints (45) give rise in addition to field redefinitions for the individual prop-
agating fields of the theory:
A→ z(l)A g2lA , λ→ z(l)λ g2lλ , c→ z(l)c g2lc ,
ϕL → z(l)ϕ g2lϕL , ϕR → z(l)ϕ g2lϕR ,
ψL → z(l)ψ g2lψL , ψR → z(l)ψ g2lψR . (46)
These field redefinitions are supplemented by external field redefinitions to sΓ-
invariant expressions (see [16] for explicit expressions).
For the softly broken model also the following generalized field redefinitions are
relevant:
λα → λα + z(l)λAig2(l+1)σµαα˙χα˙Aµ
ψX,α → ψX,α + z(l)ψϕg2(l+1)χαϕA , X = L,R . (47)
The generalized field redefinitions vanish in the limit of constant coupling, but
when they are extended to sΓ-invariant expressions one obtains two non-vanishing
contributions depending on the gaugino mass:
z
(l)
λAMλg
2l
∫
d4x
(
iYλσ
µǫAµ + c.c.
)
,
z
(l)
ψϕg
2lMλ
∫
d4x
(
ǫαYψLαϕL + ǫ
αYψRαϕR + c.c.
)
. (48)
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Their appearance indicates the appearance of corresponding additional gauge-
dependent divergences in the external field part. However, as they stem from
the generalized field redefinitions, their renormalization is irrelevant for Green
functions of physical fields (see also [2]).
The invariant counterterms are the only contributions to Γ that are not deter-
mined by the Slavnov-Taylor identity (36) and that have to be fixed by appro-
priate normalization conditions. In order to fix the counterterms to the physical
parameters z
(1)
g2 and z
(l)
m , a normalization condition for the coupling in one-loop
order and a normalization condition for the fermion mass have to be used.
The normalization of the coupling is fixed via the symmetries for l > 1, and the
normalization of the soft-breaking parameters is fixed for all l . However, the
specific form of the Slavnov-Taylor identity depends on the choice of the function
δF (g2) and of the shifts (14). Instead of choosing δF (g2) and the shifts, it is
possible to require independent normalization conditions also for the coupling in
higher orders and for the soft parameters. In this case, the coupling normaliza-
tion determines the terms of order higher than g4 in the function δF (g2) (39),
and normalization conditions for soft susy-breaking terms determine higher-order
corrections to the classical shifts:
f(x)→ f(x) + 1
g2
(
Mλ +
∞∑
l=1
v
(l)
λ g
2l
)
,
qF → qF (x)−
(
b+
∞∑
l=1
v
(l)
b g
2l
)
,
D˜→ D˜ − 2
(
M +
∞∑
l=1
v
(l)
M g
2l
)2
, (49)
Hence, the present model for the renormalization of soft breakings gives a consis-
tent description of all renormalization properties of softly broken supersymmetric
Yang-Mills theories. For concrete calculations the simpler version of spurion fields
may be preferred, but the results on the divergency structure of the softly bro-
ken SYM theory remain valid and can be used for a consistency check and as a
guideline for the classification of divergences in concrete diagrams.
5 The β functions of soft-breaking terms
Using the present construction of softly broken SYM theories, it is possible to
determine the all-order expressions for the renormalization group β functions of
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the soft mass parameters. As mentioned at the end of sec. 3, due to the two
anomalies the β functions cannot be inferred from the invariant counterterms
but require an algebraic construction. The derivation we use is analogous to the
one carried out in softly broken SQED [12], but it differs in the explicit expres-
sions by the appearance of the supersymmetry anomaly in the supersymmetry
transformations of the local gauge coupling. In the present paper we skip the
construction of the Callan-Symanzik equation. For a more detailed discussion of
the different partial differential equations and their relations we refer to [12].
The renormalization group (RG) β functions are uniquely defined only if one spec-
ifies the normalization conditions for the parameters of the theory. In common
usage, the RG β functions are identified with the β functions of mass-independent
schemes. As shown in [28], such schemes correspond to asymptotic normalization
conditions, where the (Euclidian) normalization point κ2 is considered as being
much larger than the mass parameters of the theory, and in these schemes the
differentiation with respect to the mass parameters is soft to all orders. This
property implies the classical scaling equations for the individual mass differen-
tiations to all orders:
m∂mΓ =m
∫
d4x
( δ
δq
+
δ
δq
)
Γ ,
Mλ∂MλΓ =
∫
d4x
Mλ
g2
( δ
δf
+
δ
δf
)
Γ ,
M∂MΓ = −4M2
∫
d4x
δ
δD˜
Γ ,
b∂bΓ = −b
∫
d4x
( δ
δqF
+
δ
δqF
)
Γ . (50)
The RG equation, which describes the transformation of the 1PI Green functions
under infinitesimal variations of the normalization point κ, can in general be
expressed as a linear combination of all invariant operators of the theory. The
general basis for linear operators has been constructed in [13] and consists of two
gauge-independent operators Dkin and DV v, and gauge-dependent field operators
Nφ.
The gauge-independent operators correspond in lowest order to the one-loop cou-
pling renormalization and the mass renormalization given in (20); the gauge de-
pendent operators represent the field redefinitions of eqs. (46) and (47). While
Dkin, DsymV v are invariant operators in the strict sense and commute with the
anomalous Slavnov-Taylor operator for any functional Γ,
(
s
rη
Γ + r
(1)δS)DΓ = D(Srη(Γ) + r(1)δSΓ) , (51)
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the gauge-dependent field operators commute only up to field monomials linear
in the propagating fields.
Using these operators, the RG equation can be written as
(
κ∂κ + βˆ
(1)
g2 Dkin −
∑
l≥1
(
γˆ(l)Dsym(l)V v + γˆ(l)ϕ N (l)ϕ + γˆ(l)ψ N (l)ψ
+γˆ
(l)
ψϕN (l)ψϕ + γˆ(l)A N (l)A + γˆ(l)λ N (l)λ + γˆ(l)AλN (l)Aλ
))
Γ = ∆Y , (52)
where ∆Y summarizes the terms linear in the propagating fields. Its most im-
portant contributions are the field monomials of eq. (48), which belong to the
generalized field redefinitions and which are non-vanishing in the limit of constant
coupling.
For the β functions of soft mass parameters only the physical operators Dkin and
DsymV v are relevant. The explicit form of Dkin can be obtained from the result pre-
sented in [13] by taking into account the gaugino-mass shift in the F component
of the supercoupling. It takes the following form:
Dkin =
∫
d4x F (g2)
(
g4
δ
δg2
+Mλ
( δ
δf
+
δ
δf
))
. (53)
The function F (g2) = 1 + δF (g2) = 1 + r
(1)
η g2 + O(g4) is the same function
that appears in the anomalous Slavnov-Taylor operator (36) and that absorbs
the anomalous supersymmetry-breaking (see (38)).
The explicit form of the invariant operator D
sym(l)
V v can be found in [13]. It has
the decomposition
Dsym(l)V v = D(l)V v − 8r(1)
(D(l+1)g2 + l(N (l+1)V − 8(l + 1)r(1)δN (l+2)V )). (54)
Here the operator D(l)V v is invariant with respect to srηΓ , i.e,
s
rη
Γ DV vΓ = DV v Srη(Γ) , (55)
and the additional terms continue DV v to an invariant operator with respect to
the complete anomalous Slavnov-Taylor operator as defined in eq. (51).
It turns out that the operators composing DsymV v depend on the components of
the anomalous multiplet G˜ of the gauge coupling g(x),
G˜(x, θ, θ) = g(x) +O(θ, θ) , (56)
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which is defined as the vector multiplet with respect to the anomalous supersym-
metry transformations of the coupling (42). Its components are defined by the
equation
δrηα G˜ =
( ∂
∂θα
+ i(σµθ)α∂µ
)
G˜ , δ¯
rη
α˙ G˜ =
( ∂
∂θ
α˙ − i(θσµ)α˙∂µ
)
G˜ . (57)
For the purpose of the present paper we only want to study the limit to constant
coupling in the presence of soft mass shifts. In this limit only the F and D
components of G˜ are non-vanishing,
lim
G→g
G˜2l = g2l
(
1 + θ2f (l) + θ
2
f (l) +
1
4
θ2θ
2
d(l)
)
, (58)
and we obtain as contributions in loop order l:
f (l) = −lMλF (g2) ,
d(l) = 4l(l + 1)M2λF
2(g2) + 4lM2λg
2∂g2F
2(g2) . (59)
For constant coupling and for vanishing external fields φV , q, q, the general
expressions of ref. [13] yield the following contributions to the individual operators
of DsymV v (54):
D(l)V v → g2l
∫
d4x
(
d(l)
δ
δD˜
− 2m
( δ
δq
+
δ
δq
)
+ 2(b− 2mf (l))
( δ
δqF
+
δ
δqF
))
,
N (l)V → −2M2F (g2)g2l
∫
d4x
δ
δD˜
,
D(l+1)g2 → g2(l+2)F (g2)∂g2 − g2l
(
f (l) −MλF (g2)
) ∫
d4x
( δ
δf
+
δ
δf
)
,
δN (l+2)V → 0 . (60)
For constant coupling it is possible to simplify the operators in (60) and Dkin in
(53) further. Using the mass equations (50) we can eliminate the field differen-
tiations appearing in the expressions of (60) and (53) in favor of mass differen-
tiations. When the emerging results for the invariant operators are put into the
RG equation (52), we obtain the usual form of a RG equation for the 1PI Green
functions of softly broken Super-Yang-Mills theories ΓsSYM:
(
κ∂κ + βg2∂g2 + βMλ∂Mλ + βM∂M + βb∂b + βm∂m
−
∑
field red.
γφNφ
)
ΓsSYM = ∆Y . (61)
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The construction determines the β functions appearing here completely: The β
function of the supersymmetric mass parameter m is determined by the gauge-
independent coefficients γˆ of DV v in (52),
βm = 2γ , with γ ≡
∑
l
g2lγˆ(l) , (62)
and the β function of the gauge coupling is given as an all-order expression:
βg2 = g
4
(
βˆ
(1)
g2 + 8r
(1)γ
)
F (g2) . (63)
In order to obtain the familiar all-order expressions for the β functions of soft
supersymmetry-breaking parameters we rewrite the explicit dependence on the
loop order l in the operators of eq. (60) using a differentiation ∂g2 acting on γ
(62) and find
βMλ =MλF (g
2)g2∂g2
(
g2
(
βˆ
(1)
g2 + 8r
(1)γ
))
,
βM =M
(
M2λF
2(g2)
M2
g2∂g2
(
g2∂g2γ
)
+
M2λF
2(g2)
M2
g2∂g2γ
(
1 + g2∂g2 lnF (g
2)
)
+4r(1)g2F (g2)g2∂g2γ
)
,
βb = 2b
(
γ + 2
MλF (g
2)m
b
g2∂g2γ
)
. (64)
In this way, all β functions are determined in a closed form. They depend on
the one-loop β function βˆ
(1)
g2 , the anomalous dimension of the supersymmetric
mass γ, the anomaly coefficient of the Adler-Bardeen anomaly r(1) and the func-
tion F (g2), which includes in order g2 the scheme-independent coefficient of the
supersymmetry anomaly r
(1)
η (35).
In higher orders the soft β functions (64) are not equivalent to the ones quoted
in the literature [4, 18, 19, 5]. But it is well-known that β functions are scheme-
dependent3. Indeed, the usual β functions are obtained by a finite redefinition of
the gaugino mass parameter. When the shift in the F component of the coupling
is modified according to Mλ → 1F (g2)Mλ (cf. eq. (49)), the gaugino-mass equation
takes the form
Mλ∂MλΓ =
∫
d4x
Mλ
F (g2)g2
( δ
δf
+
δ
δf
)
Γ = 0 (65)
3For scheme-dependence of soft β functions in supersymmetric theories see e.g. ref. [29].
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instead of the form in (50), and the redefined shift with its soft mass equation
defines just another mass-independent scheme.
In the redefined scheme, the β functions change according to Mλ → Mλ/F (g2)
and hence take the form
βMλ =Mλg
2∂g2
(
g2F (g2)
(
βˆ
(1)
g2 + 8r
(1)γ
))
=Mλg
2∂g2
(
βg2
g2
)
,
βM =M
(
M2λ
M2
g2∂g2
(
g2∂g2γ
)
+
M2λ
M2
g2∂g2γ
(
1 + g2∂g2 lnF (g
2)
)
+4r(1)g2F (g2)g2∂g2γ
)
,
βb = 2b
(
γ + 2
Mλm
b
g2∂g2γ
)
. (66)
The β functions of the gaugino mass and the b parameter correspond now exactly
to the expressions quoted in the literature (see [4, 18, 19, 5]). For the β function
of the scalar mass M we find a closed expression in terms of γ and F (g2) gen-
eralizing the scalar-mass β functions of [21, 22] to arbitrary mass-independent
normalization conditions of the gauge coupling.
The scalar-mass β function is particularly interesting. Naive supergraph argu-
ments fail to produce the correct form of βM , since a certain contribution called
X term [20] is missing. The X term is defined as the additional non-invariant
contribution to the scalar mass β function in the parametrization
βM =M
M2λ
M2
(
g2∂g2(g
2∂g2γ) + (1 +X)g
2∂g2γ
)
, (67)
and the present construction determines its value as
X = g2∂g2 lnF (g
2) + 4
M2
M2λ
r(1)g2F (g2) = g2
(
r(1)η + 4r
(1)M
2
M2λ
)
+O(g4) . (68)
with r
(1)
η = C(G)/8π2 and r(1) = −T (R)/16π2 (see (35)). The result derived
here clarifies why the X term escapes simple superspace arguments: Since its
lowest-order coefficients are identified with the two anomaly coefficients of SYM
theories, it is evident that the X term itself cannot be obtained by arguments
based on invariant schemes.
The results of the present construction make the notion of the all-order expres-
sions for β functions more precise by connecting the all-order expressions to the
conditions on the parameters of the theory. These conditions are encoded in the
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transformation properties and mass shifts of external fields which appear in their
explicit form in the anomalous Slavnov–Taylor identity of the extended model
(36). In particular, choosing the function F (g2) in the Slavnov-Taylor identity as
the NSVZ function
F (g2) =
1
1− r(1)η g2
, (69)
and choosing a mass-independent scheme where (65) holds, one obtains the well-
known NSVZ expressions for the gauge-β function (63) and for the X term:
βNSV Zg2 =
g4(βˆ
(1)
g2 + 8r
(1)γ)
1− r(1)η g2
, (70)
XNSV Z = g2
r
(1)
η + 4r(1)M
2
M2
λ
1− r(1)η g2
. (71)
6 Conclusions
The construction of the present paper gives a consistent description of softly
broken Super-Yang-Mills theories including all specific renormalization properties
of supersymmetric field theories. These are the non-renormalization theorems
and the relations between the renormalization constants of soft-breaking and
supersymmetric parameters. Both are expressed as relations for the invariant
counterterms and in terms of the β functions. All renormalization properties
have been derived from symmetries of the classical action of the extended model
and their extension to the 1PI Green functions. Since the classical symmetries
are broken by two anomalies – the Adler-Bardeen anomaly and a supersymmetric
anomaly – the 1PI Green functions are characterized by an anomalous Slavnov-
Taylor identity. It is shown that the two-loop order of the gauge-β function as well
as the two-loop contribution of the X term are both induced by the anomalies.
While the present construction embeds SYM theories into an extended model,
where the supersymmetric structure is more appropriately characterized, it is
possible to use the simpler version of the spurion fields for practical calcula-
tions. The results of this paper remain valid irrespective of the specific scheme
and model one uses for the inclusion of soft breakings. Thus, they can be used
for a systematic classification of divergences and counterterms in explicit one-
and two-loop calculations, and in particular seemingly accidental cancellations of
divergences can be proven via the non-renormalization theorems.
In the present paper we have restricted ourselves to a theory with a simple non-
abelian gauge group and one matter multiplet of charged Dirac fermions in an
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irreducible representation of the gauge group. The most important example for
such a theory is supersymmetric QCD. Generalizations to models with matter
multiplets in reducible representations including chiral trilinear interactions of
supersymmetry with their soft-breaking interactions are straightforward since no
further anomalies will show up. Thus, the peculiarities of renormalization with
local couplings are completely accounted for in the simple model considered here.
However, since the present construction is based on the different symmetries
of the model, a careful specification of axial symmetries and their axial vector
multiplets has to be done for any specific model under consideration.
In the present construction we have excluded parity-violating masses for soft
breaking. Introducing them would lead to a non-trivial change of the extended
model. In the spirit of the present construction they could be introduced if we
introduce also a photon multiplet with a shifted D-component. Since the photon
should be treated as a propagating field, it differs from the external axial vectors
that are coupled to the parity-even combination of scalar mass terms. Hence,
in the end one has to to consider the renormalization of the Fayet-Iliopoulos D-
terms [30], which might induce other properties as the ones derived in the present
paper (cf. [31, 32]). Closely related is the extension to theories with spontaneous
breaking of gauge symmetry like the MSSM. Also in this case the construction
of the present paper has to be generalized.
Finally we are aiming to the renormalization of the complete MSSM with its
non-renormalization theorems. In such a study the construction of the present
paper is an important ingredient and we are convinced that a construction along
its lines will give important new insights into the symmetry structure as well as
the renormalization structure of the MSSM.
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A The BRS transformations and the Slavnov-
Taylor identity
In this appendix we list the BRS transformations of the propagating and external
fields. Compared to the BRS transformations of [13] they include the soft mass
shifts in the F - and D-components of external fields.
• BRS transformations of the gauge vector multiplet and of the Faddeev-
Popov ghost.
sAµ =
1
g
∂µgc+ ig
[
Aµ, c
]
+ iǫσµλ− iλσµǫ
+
1
2
g2(ǫχ+ χǫ)Aµ − iων∂νAµ ,
sλα = −ig{λ, c}+ i
2g
(ǫσρσ)αGρσ(gA) + iǫ
α g(ϕLTaϕL − ϕRTaϕR)τa
+
1
2
ǫαg2(χλ− χλ) + 1
2
g2(ǫχ+ χǫ)λα − iων∂νλα ,
sc = −igc c+ 2iǫσνǫAν + 1
2
g2(ǫχ + χǫ)c− iων∂νc . (A.1)
• BRS transformations of matter fields
sϕL = −i(gcaTa − c˜)ϕL +
√
2 ǫψL − iων∂νϕL ,
sψαL = −i(gcaTa − c˜)ψαL
−
√
2 ǫα (q +m)ϕR −
√
2 i(ǫσµ)αDµϕL − iων∂νψαL ,
sϕR = iϕR(gcaTa + c˜) +
√
2 ǫψR − iων∂νϕR ,
sψαR = iψ
α
R(gcaTa + c˜)
−
√
2 ǫα (q +m)ϕL −
√
2 i(ǫσµ)αDµϕR − iων∂νψαR . (A.2)
• BRS transformations of the axial vector multiplet and of the axial ghost
sVµ = ∂µc˜+ iǫσµ
¯˜λ− iλ˜σµǫ− iων∂νVµ ,
sλ˜α =
i
2
(ǫσρσ)αFρσ(V ) +
i
2
ǫα (D˜ − 2M2)− iων∂ν λ˜α ,
sD˜ = 2ǫσµ∂µλ˜+ 2∂µλ˜σ
µǫ− iων∂νD˜ ,
sc˜ = 2iǫσνǫVν − iων∂ν c˜ . (A.3)
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• BRS transformations of the local coupling and its superpartners (1)
sη = ǫαχα − iων∂νη ,
sχα = 2i(σ
µǫ)α∂µη + 2ǫα(f +
Mλ
g2
)− iωµ∂µχα ,
sf = −Mλ(ǫχ + χǫ) + i∂µχσµǫ− iωµ∂µf . (A.4)
• BRS transformations of q-multiplets (4)
sq = +2ic˜(q +m) + ǫαqα − iων∂νq ,
sqα = +2ic˜qα + 2i(σ
µǫ)αDµq + 2ǫα(qF − b)− iωµ∂µqα ,
sqF = +2ic˜(qF − b) + iDµqασµαα˙ǫα˙ − 4iλ˜α˙ǫα˙(q +m)− iωµ∂µqF . (A.5)
The covariant derivative is defined by
Dµq
i = (∂µ − 2iVµ)(qi + (m, 0,−b)) (A.6)
The classical Slavnov-Taylor identity (25) expresses in functional form BRS in-
variance of the classical action and on-shell nilpotency of BRS transformations.
The Slavnov-Taylor operator acting on a general functional F is defined as
S(F) =
∫
d4x
{
δF
δρµ
δF
δAµ
+
δF
δYλα
δF
δλα
+
δF
δY α˙
λ
δF
δλα˙
+
δF
δYc
δF
δc
+ sB
δF
δB
+ sc¯
δF
δc¯
+
( δF
δYϕL
δF
δϕL
+
δF
δYϕL
δF
δϕL
+
δF
δYψLα
δF
δψαL
+
δF
δY α˙
ψL
δF
δψLα˙
+ (L→R)
)
+ sηi
δF
δηi
+ sηi
δF
δηi
+ sV i
δF
δV i
+ sqi
δF
δqi
+ sqi
δF
δqi
}
+ sων
∂F
∂ων
.
(A.7)
Here we have defined ηi = (η, χα, f), V i = (V µ, λ˜, λ˜, D˜) and qi = (q, qα, qF ).
References
[1] N. Maggiore, O. Piguet and S. Wolf, Nucl. Phys. B476 (1996) 329.
[2] W. Hollik, E. Kraus and D. Sto¨ckinger, hep-ph/0007134.
23
[3] L. Girardello and M.T. Grisaru, Nucl. Phys. B194 (1982) 65.
[4] Y. Yamada, Phys. Rev. D50 (1994) 3537.
[5] L.A. Avdeev, D.I. Kazakov and I.N. Kondrashuk, Nucl. Phys. B510 (1998)
289; D.I. Kazakov, Phys. Lett. B448 (1999) 201.
[6] D.I. Kazakov and V.N. Velizhanin, Phys. Lett. B485 (2000) 383.
[7] I.N. Kondrashuk, J. Phys. A33 (2000) 6399.
[8] K. Fujikawa and W. Lang, Nucl. Phys. B88 (1975) 61.
[9] M.T. Grisaru, W. Siegel and M. Rocek, Nucl. Phys. B159 (1979) 429;
M.T. Grisaru and W. Siegel, Nucl. Phys. B201 (1982) 292.
[10] R. Flume and E. Kraus, Nucl. Phys. B569 (2000) 625.
[11] E. Kraus and D. Sto¨ckinger, hep-th/0105028, to be published in
Nucl. Phys. B.
[12] E. Kraus and D.Sto¨ckinger, Phys. Rev. D64 (2001) 115012.
[13] E. Kraus, Nucl. Phys. B620 (2002) 55.
[14] N. Arkani-Hamed, G.F. Giudice, M.A. Luty and R.Rattazzi, Phys. Rev.
D58 (1998) 115005.
[15] S.L. Adler, Phys. Rev. 177 (1969) 2426.
[16] E. Kraus, hep-ph/0110323.
[17] V. Novikov, M. Shifman, A. Vainshtein and V. Zakharov, Nucl. Phys. B229
(1983) 381; Phys. Lett. B166 (1986) 329.
[18] J. Hisano and M. Shifman, Phys. Rev. D56 (1997) 5475.
[19] J. Jack and D.R.T. Jones, Phys. Lett. B415 (1997) 383.
[20] J. Jack, D.R.T. Jones and A. Pickering, Phys. Lett. B426 (1998) 73.
[21] T. Kobayashi, J. Kubo, and G. Zoupanos, Phys. Lett. B427 (1998) 291.
[22] J. Jack, D.R.T. Jones and A. Pickering, Phys. Lett. B432 (1998) 114.
[23] M.A. Shifman and A.I. Vainshtein, Nucl. Phys. B277 (1986) 456.
[24] P.L. White, Class. Quantum Grav. 9 (1992) 1663.
[25] N. Maggiore, O. Piguet and S. Wolf, Nucl. Phys. B458 (1996) 403.
24
[26] W. Hollik, E. Kraus and D. Sto¨ckinger, Eur. Phys. J.C11 (1999) 365.
[27] S.L. Adler and W.A. Bardeen, Phys. Rev. 182 (1969) 1517.
[28] E. Kraus, Helv. Phys. Acta 67 (1994) 424.
[29] S.P. Martin and M. Vaughn, Phys. Lett. B318 (1993) 331.
[30] P. Fayet and J. Iliopoulos, Phys. Lett. B51 (1974) 461.
[31] I. Jack, D.R.T. Jones and S. Parson, Phys. Rev. D62 (2000) 125022;
I. Jack and D.R.T. Jones Phys. Rev. D63 (2001) 075010.
[32] D.I. Kazakov and V.N. Velizhanin, hep-ph/0110144.
25
